Abstract -Experimental studies were carried out on fly ashes from two Indian thermal power plants, namely Rajghat and Dadri, with the aim of improving the utilization of fly ash in geotechnical engineering applications. It was attempted to improve the engineering performance of fly ash by several means such as by mixing fly ash with soils, cement, and polyester fibers. The research program included the study of: a) physical properties, chemical composition and morphology of the fly ashes; b) compaction, strength, and permeability characteristics of the fly ashes and fly ash-soil mixtures; c) compaction and strength characteristics of fly ash-soil mixtures stabilized with fibers alone, with cement alone, and with both cement and fibers. Results showed that addition of fly ash to soils would result in lighter and stronger fills. Fiber inclusions increased the strength of fly ash-soil specimens significantly and altered their behaviour from brittle to ductile. Even small cement contents increased the strength of the fly ash-soil mixtures significantly. With higher cement contents of up to 18% it was possible to prepare fly ash-cement design mixes that satisfied the strength criteria for pavement base courses. , plant roots increase the shear strength of the soil significantly and also increase the stability of natural slopes. The root concentration varies from 0.2% to 1% depending on the plant type and the increase in strength varies from 29% to 98%. According to McGown et al [6] the fiber reinforced soil comes under the category of ply soil in which the inclusions are extensible and the ratio of the reinforcement modulus to the unreinforced soil modulus is less than 3000. The other category called the reinforced earth, has inextensible inclusions and modulus ratio more than 3000. Fibers are of two types namely, natural and synthetic. The important properties of fibers are tensile strength, modulus of elasticity, elongation at break, and specific gravity. The thickness, length, and aspect ratio of fibers are the other important parameters in fiber reinforced soil. Rehsi [7] and Vasan [8] have summarized the properties of different synthetic and natural fibers. In oriented fiber reinforced soil, the fibers are placed in specific direction or at specific inclination to the plane of shear failure. Gray and Ohashi 
II. FLY ASHES
Fly ashes were collected in dry condition from the electrostatic precipitators of the Rajghat and Dadri thermal power stations in New Delhi. The scanning electron micrographs (SEM) of the two fly ashes are shown in Figure 1 . The fly ashes consisted of spherical particles and had a porous structure. Table 1 shows the results of the tests for physical properties, geotechnical classification, and chemical composition of the two fly ashes. Based on their chemical composition and ASTM C 618 specifications [27] , the two the fly ashes were classified as class F and pozzolanic materials. From the results of grain size distribution and Atterberg limits, both the fly ashes were classified as ML type belonging to the non-plastic silt category.
III. FLY ASH-SOIL MIXTURES
A. Rajghat Fly Ash-Soil Mixture The Rajghat fly ash was mixed with locally available soils silt and sand separately in different proportions. The details of specific gravity and grain sizes of the two soils are shown in Table 2 . Light weight (Proctor) compaction tests were carried out to determine the optimum moisture content (OMC) and maximum dry density (MDD) of the fly ash-soil mixtures. Unconfined compression tests (on 37.7 x 73.5 mm cylindrical samples) and direct shear tests (on 60 x 60 x 20 mm samples) were carried out on fly ash-soil mixture samples prepared at their respective OMC and MDD. Table 3 shows the results of the compaction tests, unconfined compressive strength (UCS) and direct shear tests (c, ). The results showed the beneficial effects of addition of fly ash to silt and sand. Addition of fly ash decreased the MDD of the soil. A fly ash-soil fill would therefore be lighter than a soil fill. The shear strength parameters of the fly ash-soil specimens were generally more than those of the soils. The fly ash-soil fill would therefore be stronger than the soil fill. Triaxial shear tests were carried out on OMC-MDD Dadri fly ash specimens also. The results of these tests were: UCS = 116.7 kPa; c uu = 12.6 kPa,  uu = 31º; and c' = 0, ' = 29.3º [21] .
Consolidation test and falling head permeability test were carried out on the same OMC-MDD Dadri fly ash specimen in a Casagrande type consolidometer. This experiment facilitated the investigation of the consolidation characteristics and the influence of the head loss across the specimen, effective stress, and void ratio on the coefficient of permeability (k). Figure 2 shows the variation of k av with vertical effective stress (σ'). k decreased by 21.6% when σ' varied from 9.81 to 1255.68 kPa [25] . However, k was still in the range for non-plastic silts. This showed that fly ash embankments and fills would be moderately permeable over their entire height. No tests were carried out on sand as compaction tests are not applicable to sands.
B. Baumineral Fly Ash-Rhine Sand Mixtures
Experiments were also carried out on mixtures of a German fly ash and Rhine sand. The fly from a chemical manufacturing industry Baumineral near Bochum was mixed with fine sand deposited by Rhine River. The specific gravity of the Baumineral fly ash G = 2.36, was higher than the G of the two Indian fly ashes, probably due to the higher iron oxide content (7.66%) of the Baumineral fly ash. The Baumineral fly ash too was a class F fly ash as its lime (CaO) content was only 0.21%. The Rhine sand was slightly coarser than the sand used with the Rajghat fly ash. It had coarse sand size, medium sand size, fine sand size, and silt size contents of 1%, 16%, 82%, and 1%, respectively. Table 4 shows the results of experiments carried out on Baumineral fly ash-Rhine sand mixtures. The results show that Baumineral fly ash-Rhine sand mixtures had significantly greater MDD values than the Rajghat fly ash-soil mixtures, probably due to the higher specific gravity of the Baumineral fly ash. As a result of this, the Baumineral fly ash-Rhine sand mixtures also had significantly greater UCS values than the Rajghat fly ash-soil mixtures. 
III. FLY ASHES STABILIZED WITH FIBERS
Experiments were carried out to investigate the influence of randomly oriented fiber inclusions on the geotechnical behavior of Rajghat and Dadri fly ashes. Figure 3 shows the scanning electron micrograph of the 6 mm long polyester fiber. Table 5 shows the other details of the fibers. Fiber content, f c , in a fly ash-fiber mixture is defined as f c = W f /W s , where W f = weight of fiber and W s = weight of dry fly ash. In Rajghat fly ash specimens f c = 0.5 and 1% were used whereas only f c = 1% was used in Dadri fly ash specimens. Similarly, both 6 and 20 mm long fibers were used in Rajghat fly ash and only 6 mm long fibers were used in Dadri fly ash. Standard Proctor compaction tests, unconfined compression tests and triaxial shear tests, on OMC-MDD fly ash-fiber specimens, were conducted. Table 6 shows the results of the various tests. The small fiber content did not affect the MDD and OMC of Dadri fly ash appreciably. In Rajghat fly ash, however, the effect was a little more marked; the fibers increased the MDD and decreased the OMC. The fiber inclusions had a highly favorable effect on shear strength of the raw fly ashes. They increased the UCS as well as the shear strength parameters c and  in the triaxial shear tests. The most significant effect of the fibers was on the stress-strain behavior of the fly ashes. Figure   4 shows the stress-strain curves in unconfined compression tests. Similar behavior was seen in other triaxial shear tests also. The fibers changed the brittle behavior of the raw fly ashes to ductile behavior. Figure 4 Stress-strain curves of fly ash-fiber specimens in unconfined compression tests [23] IV. RAJGHAT FLY ASH -SOIL MIXTURES STABILIZED WITH FIBERS Experiments were carried out to study the influence of randomly oriented fiber inclusions on the geotechnical behavior of selected Rajghat fly ash-soil mixtures. 20 mm long fibers (Table 5 ) and f c = 1% were used. Table 7 shows the results of the compaction tests, unconfined compressive strength (UCS) and direct shear tests (c, ) for the fiber reinforced fly ash-soil mixtures. The corresponding results for fly ash-soil mixtures without fibers are shown in Table 3 . The results of unconsolidated undrained tests for the fiber reinforced fly ash-soil mixtures are also shown in Table 7 . The corresponding values for fly ash-soil mixtures without fibers are shown alongside within parentheses. Fibers did not have a significant effect on OMC and MDD of the fly ash-soil mixtures. However, they increased the shear strength of the fly ash-soil mixtures. The relative gain in UCS was defined as G f = (q fo -q o )/q o , where q o and q fo are the UCS of the unreinforced and fiber-reinforced specimens, respectively. The relative gain in UCS of RM2 and RS2 were as high as 546% and 1,211%, respectively. As in the case of raw fly ashes, the fibers changed the behavior of the fly ash-soil mixtures also from brittle to ductile.
V. FLY ASH -SOIL MIXTURES STABILIZED WITH CEMENT
Two series of investigations were carried out to study the effect of ordinary Portland cement as a stabilizing agent of fly ash-soil mixtures. Cement content, C C , was defined as C C = W C /W AS , where W C = weight of cement and W AS = weight of dry fly ash-soil mixture. In the first series (Series I) of experiments small cement contents of C C = 3% and 6% were used. In general, 37.7 x 73.5 mm cylindrical specimens were prepared at the OMC-MDD state of the fly ash-soil mixtures, wrapped individually in a polyethylene bag, and kept inside a desiccator with a little quantity of water at the bottom of the desiccator and the temperature maintained around 21° C, for curing of the specimens. At the end of the specified curing period, unconfined compression tests were carried out. Table 8 shows the results for Series I experiments. The cement content did not influence the initial (t = 0) UCS of the specimens. The initial values of UCS can be referred to in Table 3 . Even small cement contents increased the UCS of all fly ash-soil specimens significantly. The cement stabilized fly ash-soil specimens showed brittle behavior and the failure strain was in the range of 1-2%. Table 8 UCS (kPa) of fly ash-soil mixtures stabilized with cement and fibers -Series I [22] Mix designation Fly ash-soil mixture Curing period (days) C C = 3% f c = 0 (Table 5) A fly ash-stabilizer design mix for base courses is one that complies with the prescribed strength criteria. In the second series (Series II) of experiments, utilization of fly ash as a base course material in pavements was investigated. Larger cement contents complying with the criteria of Electric Power Research Institute (EPRI) [28] were used. The tests were carried out only on the two raw fly ashes. The EPRI criteria are: (1) the minimum UCS of the specimens after 7 days of curing should be in the range of 2760-3100 kPa and should not exceed 5500 kPa; (2) UCS must increase with time; the 28-day UCS is approximately twice that of the 7-day UCS; and (3) during curing, the specimens are wrapped in moisture proof bags and kept under 21 ±2°C. The design mix was determined by compaction tests and unconfined compression tests on trial mixes. The final design mix specifications were C c = 18%, water content (w) = OMC = 37% and dry unit weight ( d ) = MDD = 11.7 kN/m 3 for Rajghat fly ash specimens and C c = 15%, w = 0.85 S = 23.6%, and γ d = 0.95 MDD = 13.74 kN/m 3 for Dadri fly ash specimens. S is the degree of saturation. The development of the cementation products in Dadri fly ash can be seen in the scanning electron micrographs in Figure 5 . Table 9 shows the UCS values for the Rajghat and Dadri fly ash design mix specimens of above specifications. The specimens failed suddenly after reaching the peak stress. The average failure strain varied between 1 and 3.5%. (Table 5) 
VI. FLY ASH -SOIL MIXTURES STABILIZED WITH CEMENT AND FIBERS
On the fly ash-soil mixtures stabilized with fibers alone and cement alone explained before, another set of experiments were done in which the fly ash-soil mixtures were stabilized with both cement and fibers. Figure 6 shows the scanning electron micrograph of Rajghat fly ash stabilized with both cement and fibers. The UCS values of the cement and fiber stabilized specimens are shown alongside the respective UCS values of the specimens stabilized with cement alone in Tables 8 and 9 for Series I and Series II experiments, respectively. Some typical stress-strain curves of Series II experiments are shown in Figure 7 . Each curve in the figure is for a particular combination of fly ash, cement content, and fiber length. RA and DA in the legend denote Rajghat fly ash and Dadri fly ash, respectively. The second figure of 18 and 15 denote the cement content. The third figure 06, 09, and 20 mm denote the length of fibers used. The value of 00 in the third figure indicates that the specimen was stabilized only with cement and no fiber was used. The addition of fibers increased the UCS of cement stabilized Dadri fly ash significantly whereas it did not have a significant effect on the UCS of Rajghat fly ash. Like the cement stabilized fly ash specimens, the cement and fiber stabilized fly ash specimens of Series II too failed suddenly after reaching the peak stress. However, the fibers increased the failure strain; the average failure strain varied between 2.5 and 4.5%. Figure 7 Axial stress-strain curves of cement and fiber stabilized fly ash specimens cured for 28 days [26] VII. CONCLUSIONS Following conclusions are arrived at from the experimental studies. 1. Mixing fly ash with soil decreased the MDD of soil. A fly ash-soil fill would therefore be lighter than a soil fill. The shear strength parameters of fly ash-soil fill were generally more than those of the soil fill. The fly ash-soil fill would therefore be stronger than the soil fill. Further, fly ash embankments and fills would be moderately permeable over their entire height.
2. In general, polyester fiber inclusions did not have a significant effect on the MDD and OMC of raw fly ashes and fly ash-soil mixtures. But, fiber inclusions had a highly favorable effect on shear strength and shear behavior. They increased the UCS as well as the shear strength parameters of the raw fly ashes and fly ash-soil mixtures. The fibers also changed the stress-strain behavior of the specimens from brittle to ductile.
3. Even small cement contents increased the UCS of the fly ash-soil specimens significantly. With higher cement contents of up to 18% it was possible to prepare fly ash-cement design mixes that satisfied the strength criteria for pavement base courses. All cement stabilized fly ash and fly ash-soil specimens failed suddenly after reaching the peak stress.
4. The addition of fibers increased the UCS of the cement stabilized Dadri fly ash significantly whereas it did not have a significant effect on the UCS of the cement stabilized Rajghat fly ash. The cement and fiber stabilized fly ash specimens too failed suddenly after reaching the peak stress. However, the fibers increased the failure strain.
